Community-level data, the type generated by an increasing number of metabarcoding studies, is often 2 graphed as stacked bar charts or pie graphs that use color to represent taxa. These graph types do not 3 convey the hierarchical structure of taxonomic classifications and are limited by the use of color for cat-4 egories. As an alternative, we developed metacoder, an R package for easily parsing, manipulating, and 5 graphing publication-ready plots of hierarchical data. Metacoder includes a dynamic and flexible function 6 that can parse most text-based formats that contain taxonomic classifications, taxon names, taxon identi-7 fiers, or sequence identifiers. Metacoder can then subset, sample, and order this parsed data using a set of 8 intuitive functions that take into account the hierarchical nature of the data. Finally, an extremely flexible 9 plotting function enables quantitative representation of up to 4 arbitrary statistics simultaneously in a tree 10 format by mapping statistics to the color and size of tree nodes and edges. Metacoder also allows exploration 11 of barcode primer bias by integrating functions to run digital PCR. Although it has been designed for data 12 from metabarcoding research, metacoder can easily be applied to any data that has a hierarchical component 13 such as gene ontology or geographic location data. Our package complements currently available tools for 14 community analysis and is provided open source with an extensive online user manual. 15 1 Note: This article was previously submitted as a pre-print: Zachary S. L. Foster, Thomas J. Sharpton, Niklaus J. Grünwald. 2016. Metacoder : An R package for manipulation and heat tree visualization of community taxonomic data from metabarcoding. BioRxiv 071019; doi: http://dx.Metabarcoding is revolutionizing our understanding of complex ecosystems by circumventing the traditional 19 limits of microbial diversity assessment, which include the need and bias of culturability, the effects of cryptic 20 diversity, and the reliance on expert identification. Metabarcoding is a technique for determining community 21 composition that typically involves extracting environmental DNA, amplifying a gene shared by a taxonomic 22 group of interest using PCR, sequencing the amplicons, and comparing the sequences to reference databases 23 [1]. It has been used extensively to explore communities inhabiting diverse environments, including oceans 24 [2], plants [3], animals [4], humans [5], and soil [6].
2 Design and Implementation
48
The R package metacoder provides a set of novel tools designed to parse, manipulate, and visualize community 49 diversity data in a tree format using any taxonomic classification (Figure 1) . Figure 1 illustrates the ease of 50 use and flexibility of metacoder. It shows an example analysis extracting taxonomy from the 16S Ribosomal 51 Database Project (RDP) training set for mothur [8] , filtering and sampling the data by both taxon and 52 sequence characteristics, running digital PCR, and graphing the proportion of sequences amplified for each 53 taxon. Table 1 provides an overview of the core functions available in metacoder. To store the taxonomic hierarchy and associated observations (e.g. sequences) we developed a new data object 62 class called taxmap. The taxmap class is designed to be as flexible and easily manipulated as possible. The 63 only assumption made about the users data is that it can be represented as a set of observations assigned 64 to a hierarchy; the hierarchy and the observations do not need to be biological. The class contains two Table 1 : Primary functions found in metacoder.
Function Description
• extract taxonomy Parses taxonomic data from arbitrary text and returns a taxmap object containing a table with rows corresponding to inputs (i.e. observations) and a table with rows corresponding to taxa.
• heat tree Makes tree-based plots of data stored in taxmap objects. Color, size, and labels of tree components can be mapped to arbitrary data. The output is a ggplot2 object.
• primersearch Executes the EMBOSS program primersearch on sequence data stored in a taxmap object. Results are parsed, added to the input taxmap object and returned.
• mutate taxa • mutate obs • transmute taxa • transmute obs Modify or add columns of taxon or observation data in taxmap objects. mutate * adds columns and transmute * returns only new columns.
• select taxa • select obs Subset columns of taxon or observation data in taxmap objects.
• filter taxa • filter obs Subset rows of taxon or observation data in taxmap objects based on arbitrary conditions. Hierarchical relationships among taxa and mappings between taxa and observations are taken into account.
• arrange taxa • arrange obs Order rows of taxon or observation data in taxmap objects.
• sample n taxa • sample n obs • sample frac taxa • sample frac obs
Randomly subsample rows of taxon or observation data in taxmap objects. Weights can be applied that take into account the taxonomic hierarchy and associated observations. Hierarchical relationships among taxa and mappings between taxa and observations are taken into account.
Returns the indices of rows in taxon or observation data in taxmap objects. Used to map taxa to related taxa and observations.
Intuitive manipulation of taxonomic data 95
Metacoder makes it easy to subset and sample large data sets composed of thousands of observations (e.g. se-96 quences) assigned to thousands of taxa, while taking into account hierarchical relationships. This allows for 97 exploration and analysis of manageable subsets of a large data set. Taxonomies are inherently hierarchical, 98 making them difficult to subset and sample intuitively compared with typical tabular data. In addition 99 to the taxonomy itself, there is usually also data assigned to taxa in the taxonomy, which we refer to as The functions take into account the relationship between the two tables and can modify both depending 112 on parameterization, allowing for operations on taxa to affect their corresponding observations and vice 113 versa. They also take into account the hierarchical nature of the taxon table. For example, the metacoder 114 functions filter taxa and filter obs are based on the dplyr function filter and are used to remove rows 115 in the taxon and observation tables corresponding to some criterion. Unlike simply applying a filter to these 116 tables directly, these functions allow the subtaxa, supertaxa, and/or observations of taxa passing the filter 117 to be preserved or discarded, making it easy to subset the data in diverse ways ( Figure 1 ). share no families within firmicutes and are thus much more different than suggested by the stacked bar chart.
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The function heat tree creates a tree utilizing color and size to display taxon statistics (e.g., sequence 150 abundance) for many taxa and ranks in one intuitive graph ( Figure 2 ). Taxa are represented as nodes and 151 both color and size are used to represent any statistic associated with taxa, such as abundance. Although the 152 heat tree function has many options to customize the appearance of the graph, it is designed to minimize 153 the amount of user-defined parameters necessary to create an effective visualization. The size range of 154 graph elements is optimized for each graph to minimize overlap and maximize size range. Raw statistics are 155 automatically translated to size and color and a legend is added to display the relationship. Unlike most 156 other plotting functions in R, the plot looks the same regardless of output size, allowing the graph to be 157 saved at any size or used in complex, composite figures without changing parameters. These characteristics 158 allow heat tree to be used effectively in pipelines and with minimal parameterization since a small set of 159 parameters displays diverse taxonomy data. The output of the heat tree function is a ggplot2 object, making 160 it compatible with many existing R tools. Another novel feature of heat trees is the automatic plotting of 161 multiple trees when there are multiple "roots" to the hierarchy. This can happen when, for example, there 162 are "Bacteria" and "Eukaryota" taxa without a unifying "Life" taxon, or when coarse taxonomic ranks are 163 removed to aid in the visualization of large data sets ( Figure 3 ). Metabarcoding studies often rely on techniques or data that may introduce bias into an investigation. For of the full taxonomies for these three databases that poorly amplify by digital PCR using the selected 206 primers. As a result, they indicate which lineages within each of the taxonomies may be challenging to 207 detect in a metabarcoding study that uses these primers. Importantly, different sets of primers likely amplify 208 different sets of taxa, so investigators interested in specific lineages can use this approach in conjunction with 209 various primer sets to identify those that maximize the likelihood of discovery and reduce wasted sequencing 210 resources on non-target organisms. However, these heat maps do not indicate whether one database is 211 necessarily preferable over another, as they differ in the structure of their taxonomies, as well as the number 212 and phylogenetic diversity of their reference sequences. For example, most of the bacterial clades that do 213 not amplify well in the SILVA lineages are unnamed lineages that are not found in the other databases, 214 indicating that they warrant further exploration. when the presence of color is made dependent on a statistical test. To examine more than two treatments 227 at once, a matrix of these kind of heat trees can be combined with a labeled "guide" tree. Figure 5 The taxmap data object defined in metacoder can be used for any data that can be classified by a hierarchy. of the study find that genes involved in immune response are influenced by the glucocorticoid treatment.
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Viewing these results in a heat tree shows not only the specific immune process affected (the branch on the 258 middle right), but also the more general phenomena they constitute; regulation of high level phenomena, 259 like immune system function, can be explained by specific processes like "leukocyte chemotaxis" and these 260 specific processes are put into the context of the phenomena they contribute to. This is more informative 261 than simply reporting the results for a single level of the GO annotation hierarchy or discussing the effects 262 of genes one at a time. 
